The amino acid compositions of 11 Gram-positive and 12 Gram-negative eubacteria were determined from their complete genomes. They were classif ied into two groups, 'S-type' represented by Staphylococcus aureus and 'E-type' represented by Escherichia coli, based on their patterns of amino acid compositions determined from the complete genome. These two groups were characterized by their concentrations of Arg, Ala and Lys. Mycoplasmas, which lack a cell wall, belonged to the 'S-type', while Gram-positive mycobacteria belonged to the 'Etype'. Rickettsia prowazekii, Borrelia burgdorferi, Campylobacter jejuni and Helicobacter pylori, which are Gram-negative, belong to the 'S-type'. The classif ication into two groups based on their amino acid compositions determined from the complete genome was independent of Gram staining. In addition, the amino acid composition based on the plasmid resembled that based on the parent complete genome.
INTRODUCTION
We recently showed that the basic pattern of cellular amino acid composition is conserved from bacteria to mammalian cells, and that their differences in cellular amino acid compositions seem to reflect biological evolution (Sorimachi 1999; Sorimachi et al. 2000 Sorimachi et al. , 2001 . During these studies, it was found that the cellular amino acid composition of archaea resembled that calculated from the complete genome, assuming just for calculation that all genes are expressed equally in a cell (Sorimachi et al. 2001) . However, this coincidence puzzled us for a long time because the assumption is obviously incorrect. Also, the amino acid composition of several proteins represented that of the whole cells (Sorimachi 1999) . As a protein is a gene product, amino acid composition based on several genes may represent the amino acid composition determined from the complete genomes. Indeed, the amino acid composition based on not only a gene assembly but also on a single gene encoding more than 3000 amino acid residues represented that based on the complete genome of Saccharomyces cerevisiae (Sorimachi & Okayasu 2003) . The consistent result was obtained from Encephalitozoon cuniculi consisting of 11 chromosomes (Okayasu et al. 2004) . These results indicate that the genome is homogeneously constructed with putative gene units with similar amino acid composition and without definite restricted boundaries. The amino acid compositions based on the genomes must reflect certain cellular characteristics. Therefore, we have applied genomic data to the classification of eubacteria in the present study.
Gram staining, giving Gram-positive and Gramnegative bacteria, is an established method for classifying eubacteria, and is apparently based on structural differences in cell walls that affect the bacterial staining. Eventually, the Mycoplasmataceae, which lack a cell wall, stains Gram-negative (Krieg 2001) . However, the Mycoplasmataceae evolved from Gram-positive ancestors (certain clostridia) by reduction of genome size (Brooks et al. 2001) . In the present study, we compare a new classification based on the complete genome with that created by Gram staining, and we conclude that, based on their genomic structures, mycoplasmas belong to the Staphylococcus aureus 'S-type', but not to the Escherichia coli 'Etype'.
MATERIAL AND METHODS
The genome data were obtained from GenomeNet (http://www.genome.ad.jp) and data analysed on a personal computer. The following genomic data were used: S. aureus (Kuroda et al. 2001) , Streptococcus pyogenes (Ferretti et al. 2001) , Bacillus subtilis (Kunst et al. 1997) , Clostridium perfringens (Shimizu et al. 2002) , Listeria monocytogenes (Glaser et al. 2001) , Mycoplasma plumonis (Chambaud et al. 2001) , M. genitalium (Fraser et al. 1995) , M. pneumoniae (Himmelreich et al. 1996) , Ureaplasma urealyticum (Glass et al. 2000) , Mycobacterium tuberculosis (Fleischmann et al. 2002) , Mycob. leprae (Cole et al. 2001) , Rickettsia prowazekii (Andersson et al. 1998) , Borrelia burgdorferi (Fraser et al. 1997) , Campylobacter jejuni (Parkhill et al. 2000a) , Helicobacter pylori 26695 (Tomb et al. 1997) , H. pylori J99 (Alm et al. 1999) , E. coli (Blattner et al. 1997) , Salmonella typhi (Parkhill et al. 2001a) , Vibrio cholerae (Heidelberg et al. 2000) , Yersinia pestis (Parkhill et al. 2001b) , Neisseria meningitidis (Parkhill et al. 2000b) , Haemophilus influenzae (Fleischmann et al. 1995) and Treponema pallidum (Fraser et al. 1998) . The following genomic data of plasmids were used: S. aureus pN315B (Kuroda et al. 2001 ) and pTY4 (Yamaguchi et al. 2001) , B. subtilis pTA1040 (Meijer et al. 1995) and p1414 (Thorsted et al. 1999) , C. perfringens pCP13 (Shimizu et al. 2002) and pIP404 (Garnier & Cole 1988) , Bo. burgdorferi cp32-1 and cp32-7 (Casjens et al. 2000) , E. coli pB171 (Tobe et al. 1999 ) and pO157 (Makino et al. 1998) , Y. pestis pCD1 and pMT1 (Hu et al. 1998) , and Mycob. avium pVT2 (Kirby et al. 2002) , pCLP (Picardeau & Vincent 1998) .
RESULTS AND DISCUSSION
The patterns of amino acid compositions based on the complete genomes of various eubacteria are 'star shaped', as shown in figure 1.
To characterize the pattern of amino acid compositions and to classify eubacteria, we focused on particular amino acids. Concentrations of Arg, Ala and Lys changed markedly between two groups; 'S-type' represented by S. aureus and 'E-type' represented by E. coli, as shown in figure 2. Concentrations of Arg and Ala were 4.19% or less and 7.88% or less, respectively, in 'S-type', whereas they were 4.53% or more and 8.31% or more, respectively, in 'Etype' (figure 2). Concentrations of Lys were 7.10% or more in 'S-type', and 6.39% or less in the 'E-type'. The two groups are separated from each other by these values.
Further, the ratios of the next two amino acid compositions in the radar chart, [Thr] Figure 1 . Radar charts of amino acid compositions determined from the complete genomes of various eubacteria. The values represent the percentage of total amino acids. However, tryptophan, which was decomposed in the amino acid analysis and whose concentrations were less than 1% of the total amino acids, was neglected as described previously (Sorimachi 1999 figure 1 ), but those of Ca. jejuni, R. prowazekii and Bo. burgdorferi differed. Treponema pallidum and Bo. burgdorferi, which belong to the same Spirochaetaceae, have each been classified into different types. The pattern of the amino acid composition of mycoplasmas obviously resembled that of S. aureus, compared with that of E. coli. These results indicate that eubacteria are classifiable into the following two groups: S. aureus 'S-type'; and E. coli 'E-type', based on their genomic structures, and that the Mycoplasmataceae are 'S-type'.
The amino acid composition encoded by the plasmid was also determined from its complete genome, as shown in electronic Appendix A (figure 3) (available on The Royal Society's Publications Web site). The pattern of amino acid compositions based on plasmids resembled that based on the complete genome of the parent bacterium because the number of amino acid residues encoded by many plasmids was more than 3000. Even though the numbers of amino acid residues encoded by the B. subtilis plasmids p1414 (1900) and pTA1040 (1438), C. perfringens plasmid pIP404 (2613) and Mycob. tuberculosis plasmid pVT2 (2769) were smaller than 3000, the amino acid compositions based on these plasmids resembled those based on their parent genomes. However, a degree of similarity of the amino acid composition between the plasmid and the parent genome reduces naturally with the reduction of plasmid size. Evidently, the rule that the amino acid composition based on a gene assembly encoding more than 3000 amino acid residues represents that based on the complete genome (Sorimachi & Okayasu 2003 ) is applicable not only to the complete parent genome but also to the plasmid. These results suggest that a plasmid might be derived from its parent chromosome, or that it might be transferred from the bacteria belonging to the same genus. If the number of amino acid residues encoded by a plasmid increases, the amino acid compositions of the complete parent genome and the plasmid will coincide with each other. In fact, amino acid compositions based on each chromosome coincide with each other and with that based on the complete genome of Sac. cerevisiae (Sorimachi & Okayasu 2003 The present study shows that eubacteria are classified into two groups, 'S-type' and 'E-type', based on their complete genomes. This approach is applicable to the classification of eubacteria, if their genomes have been analysed.
